Graphene foam (GF), a 3-dimensional derivative of graphene, has received much attention recently for applications in tissue engineering due to its unique mechanical, electrical, and thermal properties. Although GF is an appealing material for cartilage tissue engineering, the mechanical properties of GF-tissue composites under dynamic compressive loads have not yet been reported. The objective of this study is to measure the elastic and viscoelastic properties of GF and GF-tissue composites under unconfined compression when quasi-static and dynamic loads are applied at strain magnitudes below 20%. The mechanical tests demonstrate a 46% increase in the elastic modulus and a 29% increase in the equilibrium modulus after 28-days of cell culture as compared to GF soaked in tissue culture medium for 24 h. There is no significant difference in the amount of stress relaxation, however, the phase shift demonstrates a significant increase between pure GF and GF that has been soaked in tissue culture medium for 24 h. Furthermore, the authors have shown that ATDC5 chondrocyte progenitor cells are viable on graphene foam and have identified the cellular contribution to the mechanical strength and viscoelastic properties of GF-tissue composites, with important implications for cartilage tissue engineering.
Introduction
Hyaline cartilage, found at the surfaces of articulating joints, has a limited regeneration capacity, and as a result, cartilage injury can lead to osteoarthritis (OA). OA affects 21.6% of the U.S. population over the age of 18 and prevalence increases to 50% for those over the age of 65. [1] Worldwide, OA is the 11th leading cause of disability. [2] To date, prevention and cure for OA has eluded the scientific community and treatments are limited to symptomatic relief or total joint replacement. Current surgical treatment for OA includes arthroscopy to remove fragments of cartilage, arthroplasty for the resurfacing of the joint, and microfracture, a technique that attempts to regenerate articular cartilage by stimulating mesenchymal stem cells (MSC) located in the subchondral bone. [3] [4] [5] While MSCs can contribute to the successful formation of new cartilage, the new cartilage is often more fibrocartilage-like and the mechanical properties are insufficient to support the loads of the knee joint. This leaves the cartilage defect inadequately repaired, and can result in the need for additional surgeries. [3] Approaches such as matrix-assisted autologous chondrocyte implantation (m-ACI) involve the use of a hydrogel or polymer-based matrix such as collagen, hyauronan, or other polymers. Such matrices are seeded with autologous chondrocytes and glued into the defect site using fibrin glue. [6, 7] However, m-ACI is limited by the rate of chondrocyte differentiation and growth and the potential for chondrocytes to undergo de-differentiation, marked by a change in collagen synthesis from type II to type I. [7] It has been shown that cells respond to the stiffness of their environment [8] therefore, in contrast to hydrogel or polymer-based matrices, a more mechanically robust scaffold material may be capable of facilitating articular cartilage tissue regeneration [9] by inspiring rapid stem cell growth and guiding stem cell differentiation toward the hyaline phenotype.
Graphene-a 2-dimensional crystal of hexagonally arranged carbon atoms-has captured the interest of multiple fields due to its unique mechanical, electrical, and thermal properties. Graphene has been utilized as a component of batteries, [10] within super capacitors, [11] for its electrochemical sensing capabilities, [12, 13] and more recently in the field of tissue engineering. [9, [14] [15] [16] [17] Specifically, the three dimensional analog of graphene, graphene foam, (GF) has recently been shown as an effective bioscaffold for stem cell growth and differentiation along various neuronal and musculoskeletal lineages. [14] [15] [16] [17] These GF-tissue composites are not only biocompatible, but they also promote rapid cell attachment, [18] proliferation, and the spontaneous osteogenic differentiation of human mesenchymal stem cells (hMSCs). [15] GF creates a biomimetic microenvironment that allows for good nutrient and waste transport [18] and its high specific surface area facilitates good cell attachment. [15] GF also affords the unique capability to provide highly conductive pathways for electro-active cells or electrical stimulus for those cells which experience directed differentiation under such stimulation. [17, 19] Importantly, the term "graphene foam" has been used in the literature to define various types of 3D carbon based foams which are not composed entirely of atomically thin 2D graphene. This nomenclature has been adopted to describe foams composed of stacked exfoliated graphene flakes as well as ultrathin graphitic foams grown by chemical vapor deposition (CVD) with regions of single layer graphene. Li et al. have demonstrated the enhanced growth of neural stem cells under electrical stimulation on GF, [18] and recently, we have shown that muscle cells on a GFscaffold respond to electrical stimulus. [14] It is well known that charge plays a critical role in maintaining the osmotic pressure of articular cartilage, [20] and electrical stimulation has been shown to significantly increase cell proliferation, glycosaminoglycan (GAG) synthesis, and the upregulation of extracellular matrix genes in 3D and 2D models of cartilage. [21] Recent studies have shown that cells respond to the stiffness of the underlying substrate. [22, 23] 2D graphene has one of the highest elastic moduli of any other material (%1 TPa) and GF's unique structure, composed of hollow branches and node junctions that are formed as numerous 2D graphene layers are deposited on top of one another by CVD, provides the cell both high stiffness of the graphene and/or graphite surface at the cellular level, as well as abundant anchor points due to the 3D structure and wrinkles in the GF surface. GF also affords the ability to modify the physical characteristics such as pore size, which can affect the ability to meet metabolic demands by controlling the mass flow of nutrients and waste, or density to achieve tissue-specific scaffold mechanical properties. [24] GF's surface chemistry can be altered using various biopolymers to tune its strength and surface energy characteristics to meet the requirements of different cell lines. [17, 25, 26] The electrical properties of GFallow for electro-mechanical stimulation and it has been shown that the conductivity of GF remains stable with no production of harsh byproducts, unlike conductive polymers. [27] Finally, graphene materials demonstrate antibacterial and antifungal properties in wound infection, suggesting potential for anti-infective properties in tissue engineering applications. [28, 29] The impressive stiffness of 2D graphene is not evident in quasi-static mechanical measurements of bulk 3D GF. Several methods have been utilized in order to measure the quasi-static, or elastic, stiffness of GF. Nieto et al. used nanoindentation and the volume-based Gibson-Ashby relationship to estimate the strength of bulk CVD GF. [30] In a subsequent publication, Nieto et al. used similar methods to evaluate a polymer-strengthened GF matrix and demonstrated GF as a suitable scaffold for hMSCs, however, the mechanical properties of the GF-tissue composites were not reported. [17] Park et al. studied CVD GF in bulk unconfined compression and demonstrated a power-law dependence of compressive mechanical properties to GF density. [24] There have been other studies performed on GFs prepared using graphene oxide that are summarized in Table 1 . In a previous study using CVD GF as a substrate for cartilage tissue regeneration, [17] the mechanical testing procedures did not include the testing of GF-tissue composites in unconfined compression, a standard method to characterize cartilage [14] GF/PDMS %400 μm before PDMS/ % 5
Tensile modulus %18 Mpa Not tested [39] GF/PVDF GF/PCL -/--Tested bio-mineralization only [38] GF/PLC 100-200 μm/0.005 Tensile modulus 254.0 AE 43.7 kPa hMSCs [17] GF 100-300 μm/--NSCs [18] GF >100 μm/ % 320 g m
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hMSCs [15] GF/Hydroxy-apatite 100-300 μm/-Comp. modulus 0.9 MPa MC3T3-E1 Osteoblasts [25] GF/PLGA/CTS %310 μm/-Tensile strength: 47-150 kPa hMSCs [26] GO CSMA/PECA/GO 152. .5 μm/-Unconfined compressive modulus 0.48 MPa 3T3s and cells harvested from rabbit cartilage [9] Chitosan/PVA/GO -/-Tensile modulus: 1.81, 2.78 MPa for 0.4 wt% and 0.6 wt% GO concentration, resp. ATDC5 [51] www.advancedsciencenews.com www.aem-journal.com tissue. [20, [30] [31] [32] While GF shows promise in the field of cartilage tissue engineering, the compressive mechanical properties of GF-tissue composites have not been reported.
In addition to the study of the quasi-static mechanical properties of GF, several studies have demonstrated that GF does exhibit a time-dependent mechanical response. Nautiyal et al. studied the damping behavior of GF and proposes three multiscale dampening mechanisms of GF: rippling in individual graphene sheets, van der Waals forces dominating the interactions between individual graphene layers, and branch bending at the structural level. [33] The 3D interconnected node-branch anatomy of GF is advantageous to ripple wave propagation, and thus energy dissipation, [33] [34] [35] and molecular dynamic simulations of ripples in graphene demonstrate how a ripple wave might split when the wave encounters a physical defect, thus assisting in the dissipation of impact force. [36] These previous studies have advanced our understanding of damping mechanisms in GF, but the damping mechanisms of GFtissue composites in unconfined dynamic compression is currently unknown. No study has reported the time-dependent viscoelastic properties of GF-tissue composites, which are critical outcome measures for cartilage replacement tissue as they represent energy dissipation from interstitial fluid flow and deformation of the solid matrix. [37] Therefore, this study seeks to perform non-destructive mechanical testing of GF and GF-tissue composites in unconfined compression to determine a baseline measurement of the elastic and viscoelastic compressive mechanical properties of GF and the relative change in these properties due to the addition of cells. [17, 26, 38] Additionally, we aimed to elucidate time dependent changes in the mechanical properties of GF scaffold as chondroprogenitor cells (ATDC5) are cultured over a period of 28 days.
Results and Discussion

Graphene Foam Synthesis and Characterization
The GF used in this study (Graphene Laboratories Inc., Calverton, NY, USA) was grown using CVD, [39] whereby decomposed methane and hydrogen gasses flow past the nickel (Ni) foam templating agent at 1000 C causing carbon to precipitate on the surface of the Ni foam. The resulting Ni/GF substrates are then etched in iron tricholoride (FeCl 3 ) to remove the Ni substrate, resulting in a freestanding GF with a typical pore size of 580 mm. To understand the microstructure of our scaffolds, the GF was imaged by scanning electron microscopy (SEM) (FEI Teneo, Waltham, MA). SEM images show the macroporous structure, with higher magnifications highlighting wrinkling in the graphene due to the difference in thermal expansion coefficients between the underlying Ni substrate and the overlaid graphene (Figure 1a-c) . [39] While studies have demonstrated the ability of single layer graphene to enhance serum protein adsorption, and thus cell adhesion, [15, 40] the addition of wrinkles GF are likely an advantage to anchoragedependent cells, as surface roughness further enhances cell adhesion to GF, which is essential for cell proliferation and function. [18] To determine the quality of the GF, we used Raman spectroscopy (HORIBA Instruments Inc., Edison, NJ). Figure 1d and e show Raman maps of the characteristic G (%1580 cm
À1
) and 2D peak (%2700 cm À1 ) intensities for our GF samples (I G and I 2D , respectively). These maps consist of 100 point spectra over a 36 mm by 36 mm, collected on a 4 mm step. Figure 1f shows the I 2D /I G ratio, highlighting the predominately Figure 1 . SEM and Raman characterization of CVD graphene foam. SEM images of GF show the a) branched structure with pore sizes %200-500 μm in diameter, b) a magnified image of a broken branch interconnect, and c) approximate sidewall thickness. Scale bars in a-c) are 500, 50, and 2 mm, respectively. Raman maps of d) G-peak intensity (I G at %1580 cm À1 ) e) 2D peak intensity (I 2D at %2700 cm À1 ), and the f) I 2D /I G ratio. Raman intensity mapping demonstrates the predominately graphitic nature of CVD GF, with few monolayer regions where I 2D /I G >2. Scale bars in d-f) are 10 mm.
www.advancedsciencenews.com www.aem-journal.com ultrathin graphitic nature of our GF samples, with 94% of the spectra having an I 2D /I G < 2, consistent with previous reports using the GF nomenclature. [15] [16] [17] [18] 39] The absence and/or low intensity of the characteristic D peak (%1350 cm À1 ) indicates the GF has a low defect density (see Supporting Information Figure S1 ). Hence, CVD GF is likely to exhibit excellent charge carrier mobility, due to low defect density and a lack of intersheet junction contact resistance, as compared to graphene foam synthesis by freeze drying or template assembly methods. [18, 39] To provide a quantitative measure of porosity and density, the GF was imaged and analyzed via X-ray diffraction and with a SkyScan 1172 Xray MicroCT (Bruker MicroCT, Kontich, Belgium) (see Supporting Information Figure S2 ). The GF was calculated to have a surface area to volume ratio of 144.16 mm
, an object volume to total volume ratio (Obj.V/TV) of 13.30% corresponding to a porosity of 86.70%, and an average structure thickness (St.Th) of 22.93 AE 6.0 mm. Similar to gelatin scaffolds, the porosity of the GF may allow for good nutrient transport and waste removal. [9] The large GF pore size also allows chondrocytes to maintain their typical phenotype as previous studies have shown increased proliferation and extracellular matrix production when the scaffold pore sizes range between 250 and 500 μm. [41] Following physical characterization of our GF samples, mechanical characterization of the GF scaffolds was performed on bare GF scaffolds, while ATDC5 cells were cultured on GF in preparation for mechanical testing of GF-tissue composites.
Cell Culture
The ATDC5 cell line is a chondroprogenitor cell line derived from mouse teratocarcinoma cells and is well-established as an in vitro model to observe cell signaling pathways during chondrogenesis. [42] GF was seeded with ATDC5 chondroprogenitor cells, cultured initially for 24 h in growth medium (GM), at which point the tissue culture medium was exchanged with differentiation medium (DM). Cell growth on GF was monitored with a light microscopy; bright-field transmitted light images were acquired throughout the cell culture period. Representative images from cell culture at 24 h, and 7, 14, 21, 28 days after cell seeding can be seen in 
Mechanical Testing
To understand the biomechanical relevance of GF scaffolds for cartilage engineering, we developed a testing protocol to measure the elastic and viscoelastic properties of GF in unconfined compression (Figure 3a-c) . Unconfined compression closely resembles the conditions found in the cartilage near the articulating surface, with the potential for high fluid flow and low hydrostatic pressure. [37, 40, 43] To elucidate the changes in the load dissipation mechanisms during cell growth and differentiation; these properties were measured both with and without chondroprogenitor cells grown on the scaffold.
Several studies [44] [45] [46] demonstrate a rubber-like constitutive response of GF with three distinct regions: elastic, plateau, and densification. The first is due to elastic branch bending. Once compression has exceeded the elastic region, branch breaking occurs and results in a plateau in the stress strain curve. Finally, a sharp increase in stress indicates the region in which the branches begin to compact; this is the densification region. To first determine the elastic region of the GF, a quasistatic mechanical test was performed to 40-50% strain (Figure 3b) . The elastic regime of the GF used in this study was determined to lie within 0-20% strain (n ¼ 3). In this study, all subsequent samples were tested using a maximum compressive engineering strain of 14% in order to remain well below the plateau region where plastic deformation of the GF occurs. Interestingly, this study had a less visible plateau region than prior studies. A study by Park et al., where GF of density 4 mg cm À3 was tested up to 100% strain, showed an elastic region between 0% and 10% strain, a plateau region between 10% and %65% strain, and a densification region between %65% strain and 100% strain. [24] The discrepancy between the elastic region measured by Park et al. and in this study may be due to a much smaller preload used in the Park study, although the preload force was not reported by Park et al. Furthermore, the Young's modulus determined by Park et al. (%16 kPa) agrees well with the Young's modulus determined in this study (%13 kPa).
The dynamic testing protocol (Figure 3c ) contained specific steps to measure the compressive linear modulus, equilibrium modulus, dynamic modulus, phase shift, and stress relaxation of the samples. The compressive linear modulus and equilibrium modulus provide measures of the elastic properties of the GF and GF-tissue composite; the dynamic modulus, phase shift, and stress relaxation provide a measure of the material's viscoelastic properties, which are critical for normal cartilage function. Results from our mechanical testing protocol are summarized in Figure 4 . The mechanical tests demonstrate a %46% increase in the elastic modulus, a %29% increase in the equilibrium modulus, and a %30% increase in dynamic modulus after 28-days of cell culture as compared to the conditioned GF (GF soaked in tissue culture medium for 24 h). (Figure 4a,b) , These increases in modulus can be interpreted relative to a prior study by Nieto et al., who used in situ SEM to observe the deformation mechanisms of GF using nanoindentation. Nieto et al. identified branch bending and indentation as the primary mechanism by which foams break in compression, [30] noting that the strength of the GF is highly impacted by the number of defects found in the foam. [33] In a subsequent study, Nieto et al. demonstrated a significant increase in GF strength with the addition of a polymer; suggesting that strengthening of the GF-polymer matrix is due to the filling of voids and defects in the GF. [17] Likewise, as ECM molecules are produced by the ATDC5 cells, it is possible that these load-bearing molecules may also contribute to the GF strength by the filling of voids and defects, as atomistic studies predict bulk modulus values of 8 GPa for collagen and up to 35 GPa for collagen under a 5 GPa hydrostatic pressure. [47] This may explain the increase in modulus values we observed after culture.
No significant change was observed with respect to the measure of stress relaxation. (Figure 4c ) The %22% increase in stress relaxation between conditioned GF and GF at day 14 of cell culture may due to an increased proteoglycan production, but would need to be verified by biochemical analysis. The phase shift for a wetted GF scaffold (0.11 AE 0.014 rad) was 53% of the reported phase shift for articular cartilage (15 , or 0.26 rad [31] ). It is interesting to note that materials primarily comprised of collagen have a phase shift of 3.4 , [37] proteoglycan-rich materials have a phase shift angle of %70 degrees, [48] while articular cartilage, composed of both proteoglycans and collagen in varying amounts, has been shown to have a phase shift of
%15
. [31] This suggests that GF, before culture with cells or media, displays a phase shift between primarily collagenous materials and articular cartilage. Furthermore, we observed that the measured phase shift seemed to be independent of cell culture, showing a significant increase for conditioned GF only (0.17 AE 0.004 rad) as compared to pure GF. This may be due to protein adsorption, as Lee et al. found that within 24 h graphene films and graphene oxide adsorbed up to 8% and 25%, respectively, of serum proteins in the tissue culture media. [40] Altering the surface properties of GF by protein adsorption may potentially increase the ability for dynamic load dissipation by the ripple propagation mechanism suggested by Nautiyal. [35] We believe the subsequent decrease in phase shift may be due to the production of ECM proteins, providing additional elasticity to the GF-tissue composite, as seen in the increasing trend in both www.advancedsciencenews.com www.aem-journal.com the elastic modulus, equilibrium modulus, and dynamic modulus. As commonly observed in cartilage tissue in compression, [48] the dynamic modulus at 28 days of cell culture was 33% greater than the equilibrium modulus at 28 days of cell culture because the interstitial fluid pressure of cartilage is maintained under cyclic loading but not under equilibrium conditions. Although we expected an increase in the viscoelastic properties, stress relaxation and phase shift, over the duration of cell culture, there was no evident trend. However, we do find consistency in the ratio of dynamic modulus to equilibrium modulus among groups (Figure 4b,d ). This would suggest that the time-dependent mechanisms of GF in compression remain unaffected by cell culture; instead, cell culture primarily contributes to the elastic strength of the GF-tissue composite by the production of load-bearing ECM proteins. Furthermore, observed increases in phase shift after 24 h in a viscous media (Figure 4d ) appear to be counteracted over time by the production of ECM proteins.
Although the equilibrium modulus of our GF-tissue composite composed of murine ATDC5 cells was yet an order of magnitude lower than reported for the equilibrium www.advancedsciencenews.com www.aem-journal.com modulus of adult human cartilage tissue measured using unconfined compression (0.24-0.85 MPa), [31] it was comparable to m-ACI solutions (%50 kPa) [49, 50] and still shows promise in the area of guiding and improving cell differentiation as demonstrated in the current study by the increase in the compressive and equilibrium modulus of the GF-tissue composite with time in culture.
In order to place our results in perspective, we compare the mechanical performance of our GF-tissue composites to recent results in the literature. Table 1 provides an overview of bioscaffolds that are either graphene-based or utilize graphene as a strengthening mechanism. This table highlights the variation in mechanical properties due to testing mechanism, graphene synthesis methods, and the addition of natural and synthetic polymers. CVD GF has been shown to support the growth of ATDC5 chondroprogenitor cells, C2C12 mouse myoblast cells, [14] MC3T3-E1 osteoblasts, [25] hMSCs, [15] [16] [17] 26] and neural stem cells. [18] The mechanical properties of CVD GF are dependent on both the template structure and the density of graphene deposited on the template. [24] Graphene oxide (GO) has been shown to support the growth of the 3T3 rabbit cartilage cell [9] line as well as ATDC5 chondroprogenitor cells. [51] GO has been used specifically to add mechanical robustness to porous hydrogels used for cartilage tissue engineering. While GO is effective as a mechanical strengthening mechanism in hydrogels, GO does not exhibit high electrical conductivity as it is an electrical insulator. [52] Although not performed in the current study, GF scaffolds can be utilized to facilitate the electrical stimulation of cells during the culture period to potentially enhance ECM production, and thus, engineer the mechanical properties of the tissue composite. As can be seen from the variation of methods, in Table 1 , the mechanical study of the compressive properties of ATDC5 cells within a GF scaffold presented here serves to establish a baseline and standardized protocol for future studies aimed at identifying the mechanical performance of engineered GF-cartilage tissue composites.
Conclusion
This study demonstrates the viability of ATDC5 cells over 28 days on GF. GF grown by CVD provides a favorable microenvironment with both adequate porosity for nutrient transfer and waste removal as well as wrinkles and discontinuities for good cell attachment. Micro-CT was used to determine the porosity and density of the foam and SEM was used to gain insight into the structure of the GF. Transmitted light images were taken at specific time points to monitor cell adhesion, growth, and proliferation within the GF scaffold. Images of immunofluorescent phalloidin staining for actin revealed cell viability and good adhesion to the GF scaffold. As GF and GF-based scaffolds continue to be utilized for musculoskeletal tissue engineering, this study provides a baseline measurement of both the quasistatic and viscoelastic mechanical properties of GF in unconfined compression. Unconfined compression was used to reflect the conditions of the upper zones of cartilage with high fluid flow. Stress relaxation, dynamic modulus, and phase shift was measured to evaluate the viscoelastic properties of GF-tissue constructs in compression before and after cell culture with ATDC5s. Additionally, we detect differences in mechanical properties between pure GF and GF which has supported cell growth and differentiation for 14 and 28 days. Although the increase in viscoelasticity, as shown by the phase shift and stress relaxation measurements, were not statistically significant over the cell culture period, we did demonstrate the ability of the testing method to detect statistically significant increases in other mechanical properties such as the compressive, equilibrium, and dynamic moduli. As suggested by prior studies [37] this strengthening of the elastic properties of the GF tissue composite may suggest a collagen-rich composite, which is vital for the regeneration of cartilage tissue.
Experimental Section
1 GF: The GF was analyzed with Raman spectroscopy (HORIBA Instruments Inc., Edison, NJ) to determine the average number of layers of the foam and to verify the complete removal of Ni. Raman spectroscopy was performed with a 532 nm excitation wavelength over a 36 mm by 36 mm area on a 4 mm step, resulting in 100 spectra. The GF was then imaged via scanning electron microscopy (SEM) (Hitachi S-3400N À II, Tokyo, Japan) and X-ray diffraction (XRD) (Rigaku Miniflex 600). The GF was also imaged and analyzed with a SkyScan 1172 X-ray MicroCT (Bruker, Kontich, Belgium). Briefly, GF samples were transferred from solution, mounted onto a small filter and allowed to dry fully overnight. The GF/ filter was placed upright on the z-axis of the sample holder, centered and secured to eliminate scan artifacts due to random movement. Scan data was acquired with an X-ray tube setting of 34 kV, 210 mA, and an exposure time of 325 ms; scan parameters for the 180 scan were defined with a step size of 0.1 degrees, 15-frame averaging and a pixel size of 6.06 mm. Cross section images were reconstructed from the shadow projections utilizing NRecon software (version 1.6.10.4) based on the Feldkamp algorithm. Skyscan CT Analyzer (CTan) software (version 1.15.4.0) was utilized to perform quantitative analysis and generate 3D models: GF object volume, structure thickness and surface area were calculated based on 3D models generated using the Adaptive rendering algorithm after binarization of the reconstructed slices.
2 Mechanical Testing: Mechanical tests were performed using the Instron 10 000 ElectroPuls system (Instron, Norwood, MA) and a custom stainless steel compression platen which was 8 mm in diameter (Figure 3a) . Specimens (10 Â 10 Â 0.5 mm thickness) of bare GF (n ¼ 10), conditioned GF (n ¼ 3), and graphene which had undergone 14 days (n ¼ 5) and 28 days (n ¼ 10) of unconstrained cell culture with ATDC5 cells and chondrogenic differentiation medium were tested in unconfined compression. Five samples were used to determine the mechanical properties at day 14 of culture due to material constraints; it was desired to conduct all mechanical testing on the same batch of GF because of mechanical property variation between batches. The square dimensions of the specimens were cut using a razor. The 8 mm diameter of the upper testing platen was slightly smaller than the square dimensions of the GF specimens, and therefore any damaged graphene at the cutting surface should not affect the properties of the foam being characterized. The specimen thickness was left as received from the manufacturer, and no further leveling of the specimens was performed. For all sample sets, the GF was taken directly out of it's respective media and tested immediately; the samples were saturated with, but not submerged in media during mechanical testing.
In order to first determine the elastic region of the GF, the bare GF was preloaded to 0.02, which was a nominal preload within the measurement range of the 10 N load cell. This preload step provided uniform platen contact with the entire GF surface prior to testing, and therefore ensured a level testing surface. The preload was followed by a preconditioning protocol of ten sinusoidal waves to 10% strain at 0.5 Hz and subsequent quasi-static compression to 40-50% at 0.01 mm s À1 strain rate. A slower strain rate was appropriate for this test as we were interested in the quasi-static mechanical properties of the GF. Using a custom MATLAB code, the resulting stressstrain curves were linearly fit between 5% strain and 20% strain where the R 2 values were >0.99 (N ¼ 3) (Figure 3b ). Subsequent testing was performed to a maximum of 14% in order to remain well within the elastic region of the foam.
The mechanical properties of the specimens were measured using a multi-step testing method in displacement control. Figure 3c depicts the testing method, consisting of a preload to 0.02 N, cyclic preconditioning to 14% compression at 0.5 Hz (Figure S3 ), ramp loading to 12% compression, 2 min of relaxation, and then dynamic loading via cyclic compression at 1% amplitude. The ramp loading was performed at 0.1 mm s À1 ; this loading rate allowed the measurement of timedependent stress relaxation while minimizing error that occurs at faster loading rates due to instrument overshoot of the targeted ramp displacement. The dynamic loading was carried out at 0.5 Hz as it is a physiologically relevant frequency for articular cartilage due to activities such as walking. Stress-strain curves were computed using the ratio of stress (F/a o where F is the instantaneous force and a o is the constant platen diameter) and engineering strain ((h-h o )/h o where h is the instantaneous sample thickness and h o is the original sample thickness after 0.02 N preload). The compressive modulus was measured in the final compression of the precondition step. The compressive portion of the stress and strain data was linearly fit with R 2 >0.97. The percent of stress relaxation was measured by comparing the peak stress reached after compression to 12% strain to the stress at the end of a 2 min stress relaxation period. Due to instrument limitations, the peak strain was up to 3% higher than the strain set point. It was determined, due to the logarithmic nature of the stress relaxation measurement, to be more accurate to begin measurements from the peak strain rather than beginning measurements once the instrument had equilibrated at 12% strain. The equilibrium modulus was calculated as the ratio of stress to strain at the end of the stress relaxation period. The dynamic modulus was calculated by fitting the last three sinusoidal compression cycles of the stress-time and strain-time data to a four parameter sine wave function (R 2 >0.96 for all experiments) and dividing the amplitude of stress by the amplitude of strain. The phase shift was determined by subtracting the fitted phase parameters from the stress-time and strain-time data. [53] The effect of culture time on the mechanical properties (compressive modulus, equilibrium modulus, stress relaxation, dynamic modulus, and phase shift) of the cellular graphene composites was measured using a one-way MANOVA in SPSS (p ¼ 0.05) using the Bonferroni correction for multiple comparisons.
Cellular Studies: GF (Graphene Laboratories Inc., Calverton, NY, USA) with a density of 4 mg cm À3 and an average pore size of 580 μm was cut into 1 Â 1 cm pieces, sterilized in 70% ethanol, washed in sterile DPBS buffer, and incubated in growth medium (GM) composed of F12/ Dulbecco's Modified Eagle Medium (DMEM), 5% (v/v) fetal bovine serum (FBS), and 100 U ml À1 penicillin, 100 μg ml À1 streptomycin (Life Technologies, Carlsbad, CA); in 5% CO 2 at 37 C for 24 h before cell seeding. Conditioned GF was seeded with ATDC5 chondroprogenitor cells (Sigma-Aldrich, St. Louis, MO) and cultured for 24 h in growth media (F12/DMEM, 5% FBS) and incubated in 5% CO 2 at 37 C. After 24 h, growth medium was exchanged with differentiation medium (DM) containing F12/DMEM, 5% FBS, 100 U ml À1 penicillin, 100 μg ml À1 streptomycin (Life Technologies, Carlsbad, CA), 50 μg ml À1 ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, MO), and ITS supplement (0.01 mg mL À1 insulin, 5.5 ug mL À1 transferrin, and 5 ng mL À1 sodium selenite.; Sigma_Aldrich, St. Louis, MO). The DM was initially exchanged every two days until GF was confluent with cells at which time DM was exchanged daily. Throughout the ATDC5/GF cell culture, growth was monitored and representative images were collected using a Nikon TS-100 Microscope and SPOT R3 camera. Once samples were grown for 14 days and 28 days, they were subjected to mechanical testing to measure quasi-static and viscoelastic properties. One sample, following 28 days of growth was with 2% paraformaldehyde and transferred to a glass-bottom dish for immunostaining.
Immunofluorescence: ATDC5 cells grown on GF were permeabilized and blocked with 0.1% Triton X-100 (Sigma-Aldrich, St.Louis, MO) and BlockAid (Life Technologies, Carlsbad, CA), respectively. Cells were then labeled for cytoskeletal F-actin with Alexa Fluor 488 conjugated to phalloidin, mounted with ProLong Gold with DAPI to stain the nucleus (Life Technologies, Carlsbad, CA) and allowed to cure overnight before imaging.
Confocal Microscopy: Samples were imaged with the Zeiss LSM 510 Meta system combined with the Zeiss Axiovert Observer Z1 inverted microscope and ZEN 2009 imaging software (Carl Zeiss, Inc., Thornwood, NY). Confocal Z-stack and single plane images were acquired utilizing the Plan-Apochromat 20x/NA 0.8 and Fluar 40x/NA1.30 oil objectives; with a diode (405 nm) and an Argon (488 nm) laser sources. Transmitted light was also collected on a separate channel during the image acquisition to provide contrast to the GF structure. Image processing was performed with ZEN 2009 imaging software (Carl Zeiss, Inc., Thornwood, NY).
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